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We present the results of a geochemical and geochronological study for Late Triassic (230 220 Ma) adakitic plu-
tons within the Archean terrane of the eastern part of the North China Craton (NCC). These plutons show adakitic
signatures with high Sr, Sr/Y, (La/Yb)y, and low Cr and Ni. The enriched Nd-Hf isotopic compositions (enq(t) =
—133 to —12.9; gys(t) = —17.4 to —14.6) and old Nd (Tpymz = 2078-2037 Ma) and Hf (Tpy, = 2366-
2192 Ma) isotope model ages suggest that the adakitic pluton may be derived from the underplated mafic
lower crust of Paleoproterozoic age. The relatively low Cr and Ni contents and lower enq(t) and eyg(t) values of
the Taili adakitic plutons imply negligible input of mantle materials. Calculations of equilibrium mineral assem-
blages and modeling of trace element partition between melts and residual phases at different pressures confirm
the interpretation that the petrogenesis of the Taili adakitic plutons is consistent with partial melting of the
Paleoproterozoic mafic lower crust at 10-12 kbar (36-43 km) with a garnet granulite residue. Melting of the an-
cient mafic lower crust may be triggered by excess heating of the upwelling mantle in an extensional setting
evoked by the contemporary subduction toward beneath the NCC from both north and south, which could
serve as one possible mechanism for the destruction or lithospheric thinning of the NCC. Complex mantle-
crust interaction through various mechanisms may have been responsible for the long-lived process of destruc-

tion or lithospheric thinning, which might have begun as early as in the late Triassic.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The destruction or lithospheric thinning of a stable Archean craton
like the North China Craton (NCC) has been a subject of both extensive
and intensive research for many years (e.g., Gao et al., 2004; Menzies
et al,, 1993; Niu, 2005, 2014; Xu, 2001; Yang et al., 2008, 2010). How-
ever, the timing for the destruction or lithospheric thinning of the NCC
remains controversial, such as Late Carboniferous-Late Triassic
(Xu et al.,, 2009), Late Triassic (Yang and Wy, 2009; Yang et al., 2007),
Late Jurassic (Gao et al., 2004), Early Cretaceous (Wu et al., 2005b) or
Late Cretaceous-Cenozoic (Li et al., 2012; Zhu et al., 2012). Various
mechanisms have been proposed to explain the lithosphere thinning,
including coupled thermo-mechanical and chemical erosion at the
lithosphere-asthenosphere interface with the thick (>180 km), cold
and refractory lithospheric keel replaced by a thin (<100 km), hot and
fertile lithosphere (Menzies et al., 1993; Xu, 2001), delamination/
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foundering of thickened mafic lower continental crust together with
the mantle lithosphere into the asthenosphere (Gao et al., 2004),
peridotite-melt interaction to remove the Archean lithospheric keel
(Zhang et al., 2007), crustal detachment leading to thinning of both
the crust and the lithosphere (Liu et al., 2008), basal hydration weaken-
ing that physically transforms the lithospheric keel into properties of as-
thenosphere (Niu, 2005), lithospheric folding-induced removal of
lithospheric mantle (Zhang, 2012), and the formation of the seismic
low velocity zone (LVZ) beneath the entire eastern China (not restricted
to the NCC) in response to dehydration of the paleo-Pacific slab that lies
in the mantle transition zone beneath eastern China (Niu, 2014).
Adakitic rocks, originally defined as intermediate to felsic igneous
rocks with geochemical signatures of high Sr, low Y and highly fraction-
ated REE patterns (Defant and Drummond, 1990), commonly occur in
some modern arc settings and are thought to form by partial melting
of the subducting/subducted young and hot oceanic crust (Defant and
Drummond, 1990; Martin et al., 2005), or through a variety of other
mechanisms (see Castillo, 2012). Adakitic rocks have also been found
in orogenic belts on land, interpreted as resulting from melting of the
newly underplated or thickened mafic lower crust (e.g., Atherton and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2014.11.027&domain=pdf
http://dx.doi.org/10.1016/j.lithos.2014.11.027
mailto:sgsong@pku.edu.cn
Unlabelled image
http://dx.doi.org/10.1016/j.lithos.2014.11.027
Unlabelled image
http://www.sciencedirect.com/science/journal/00244937
www.elsevier.com/locate/lithos

354 C. Wang et al. / Lithos 212-215 (2015) 353-367

Petford, 1993; Chung et al, 2003) or decompression melting of
subducted ocean crust in response to continental collision and exhuma-
tion (Song et al., 2014).

In the past decades, many Mesozoic granitoids with adakitic signa-
ture have been reported in the NCC, which are obviously unrelated to
active subduction, but formed in an intracontinental setting (Gao
et al., 2004; Jiang et al., 2007; Ma et al., 2012; Xu et al., 2002). They
share the same geochemical characteristics of most adakites and
adakitic rocks but have high K0 contents (Rapp et al., 2002). The
mafic lower continental crust was thought to play an important role in
their petrogenesis through speculated processes such as delamination

or foundering (Gao et al., 2004; Xu et al., 2002) although it remains un-
known how and why the buoyant mantle lithosphere can delaminate
with the overlaying crust melting in the asthenospheric conditions.
Thus, these adakitic rocks are interpreted as indicating the NCC litho-
spheric thinning in the Mesozoic (Wu et al., 2005a; Yang and Wu,
2009).

In this paper, we present results of detailed geochemical and geo-
chronological study of Late Triassic adakitic plutons within the Archean
terrane of the NCC at the coast of the Bohai Sea, Western Liaoning,
China. The aims of this paper are 1) to evaluate the petrogenesis
of these plutonic rocks, 2) to place constraints on the lithological
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Fig. 1. (a) Schematic map showing major tectonic units of continental China and Korean peninsula (modified after Zhao et al., 2005). (b) Simplified geological map of the Xingcheng area.

(c¢) Geological map of the Taili Beach.
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properties of the lower crust and 3) to limit the onset timing of the lith-
ospheric thinning beneath the NCC.

2 . Geological background and samples

The NCC s the largest and oldest craton in China and preserves rem-
nants of >3.8 Ga crust (Liu et al.,, 1992). It was generally thought to be
formed by collision of two distinct Archean blocks, i.e., the Eastern
block and the Western block, along the Trans-North China Craton
Orogen in the Late Paleoproterozoic (~1.85 Ga) (e.g., Zhao et al., 2005)
(Fig. 1a). From the Late Paleoproterozoic (~1.85 Ga) to the end of
Paleozoic (~250 Ma), there were no significant tectonothermal events
except for some anorogenic (mantle plume-related) magmatic events
in 2.3-2.1 Ga, ~1.78 Ga, 1.35-1.31 Ga and 0.9 Ga in the Archean nuclei
(Peng et al.,2008,2011,2012; Zhang et al., 20093, 2012a). The Paleozoic
diamondiferous kimberlites in the eastern Block of the NCC suggest that
the NCC must have had a thick cratonic lithosphere in the Paleozoic
(Menzies et al., 1993; Zhang et al., 2010). However, since the Mesozoic,
the eastern part of the NCC has undergone extensive tectonothermal
events and resulted in intense deformation, magmatism and minerali-
zation (Yang and Wu, 2009; Yang et al., 2003).

The NCC is bounded by the Triassic Qinling-Dabie-Sulu orogenic
belt to the south and east (Li et al., 1993) and the Late Paleozoic Central
Asian Orogenic Belt (CAOB) to the north (Windley et al,, 2007). It is also
cut by the Tan-Lu strike-slip fault in the east. The Qinling-Dabie-Sulu
orogenic belt resulted from continental collision of the NCC with the
Yangtze Craton in the Triassic. The northward subduction of the seafloor
leading edge of the Yangtze Craton has been interpreted as the driving
force to weaken the integrity of the NCC lithosphere (Li et al., 1993;
Zhang et al., 2002). The CAOB was formed by the southward subduction
of the Paleo-Asian oceanic slab and arc-arc collision followed by arc—
continent collision during the Late Paleozoic (Windley et al., 2007).
The southward subduction and the following collision might have
been responsible for the Yinshan-Yanshan intraplate fold and thrust
belt on the northern margin of the NCC (Davis et al., 2001).

In the eastern part of the NCC, Mesozoic igneous rocks are wide-
spread. Detailed geochronological studies suggest that these igneous
rocks can be divided into three groups: Triassic (230-210 Ma), Jurassic
(180-153 Ma) and Early Cretaceous (135-110 Ma) (Wu et al., 2005a,
2005b; Yang and Wu, 2009). Compared with the Early Cretaceous
giant igneous event, the Triassic igneous rocks are sporadically distrib-
uted, including intermediate-felsic rocks, alkaline intrusives and
mafic-ultramafic complexes in the northern NCC (Yan et al., 1999;
Zhang et al., 2012b, 2014).

The study area is located in the central-eastern NCC, west of
the Tan-Lu fault, where Jurassic granitoids are widespread on the
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Paleoproterozoic to Neoarchean basement (Fig. 1b). The samples of
this study were collected from Taili Beach, Xingcheng City, Western
Liaoning (Fig. 1c). They occur as several small plutons, showing strong
foliation apparently as porphyritic granitic gneiss or mylonite deformed
together with the wall rock of the Neoarchean TTGs (Fig. 2a). These
plutons are dark gray with scattered, clockwise rotated plagioclase
phenocrysts (Fig. 2b). They consist of K-feldspar (10-15%), plagioclase
(45-50%), quartz (20-25%) and hornblende (10-15%), with minor bio-
tite (<5%) and accessory sphene, apatite and zircon.

3. Analytical methods
3.1. Bulk rock major and trace element analyses

Bulk rock major and trace element analysis was done in the Geolog-
ical Lab Center, China University of Geosciences, Beijing (CUGB). Major
elements were analyzed using a Leeman Prodigy inductively coupled
plasma-optical emission spectroscopy (ICP-OES) system with high
dispersion Echelle optics. Based on rock standards AGV-2, W-2 (US Geo-
logical Survey: USGS), GRS-1 and GSR-3 (national geological standard
reference material of China), the analytical precisions (10) for most
major elements are better than 1% with the exception of TiO, (~1.5%)
and P,0s (~2.0%) (Appendix Tables 3 and 5). Loss on ignition (LOI)
was determined by placing 1 g of samples in the furnace at 1000 °C
for several hours before being cooled in a desiccator and reweighed.

Bulk rock trace element analysis was done on an Agilent-7500a in-
ductively coupled plasma mass spectrometry (ICP-MS) in the Institute
of Earth Science, China University of Geosciences, Beijing. About
40 mg of sample powder was dissolved in equal mixture of subboiling
distilled HNO3 and HF with a Teflon digesting vessel on a hot-plate at
185 °C for 48 h using high-pressure bombs for digestion/dissolution.
The sample was then evaporated to incipient dryness, refluxed with
6 N HNOs3,&& and heated again to incipient dryness. The sample was
again dissolved in 2 mL of 3 N HNOs in high-pressure bombs for a fur-
ther 24 h to ensure complete digestion/dissolution. The sample is finally
diluted with Milli-Q water (18 MQ) to a final dilution factor of 2000 in
2% HNOj5 solution. Rock standards AGV-2, W-2 and BHVO-2 (USGS)
were used to monitor the analytical accuracy and precision (Appendix
Tables 4 and 5). Analytical accuracy, as indicated by relative difference
between measured and recommended values is better than 5% for
most elements, and 10 ~ 15% for Cu, Zn, Gd and Ta.

3.2. In-situ zircon U-Pb dating

Three samples (10XC05, 10TLO6 and 10TLO7) were chosen for in-
situ zircon U-Pb dating. Zircon grains were separated by standard

Fig. 2. (a) Field photo showing that the Taili adakitic plutons (granitic gneisses) intrude in the Neoarchean TTGs. (b) Porphyritic texture of the Taili adakitic pluton with shear foliations.
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heavy-liquid and magnetic techniques, and purified by hand-picking
under a binocular. They were embedded in epoxy resin discs and
polished down to approximately half-sections to expose the grain
centers. Cathodoluminescence (CL) images were acquired using a
cathodoluminescent (CL) spectrometer (Garton Mono CL3 + ) equipped
on a Quanta 200 F ESEM at scanning conditions of 15 kV and 120 nA at
Peking University.

Measurements of U, Th and Pb in zircons were carried out on an
Agilent-7500a quadrupole inductively coupled plasma mass spectrom-
etry coupled with a New Wave SS UP193 laser sampler (LA-ICP-MS)
at CUGB. Laser spot size of 36 um, laser energy density of 8.5 J/cm?
and a repetition rate of 10 Hz were applied for analysis. NIST 610 glass
and Harvard zircon 91500 (Wiedenbeck et al., 1995) were used as ex-
ternal standards, Si as internal standard and zircon standard TEMORA
(417 Ma) from Australia (Black et al., 2003) as secondary standard.
The software GLITTER (ver. 4.4, Macquarie University) was used to
process the isotopic ratios and element concentrations of zircons. The
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common lead correction was done following Andersen (2002). Age
calculations and plots of concordia diagrams were done using Isoplot
(ver. 3.0) (Ludwig, 2003). All the analytical details are described in
Song et al. (2010).

3.3. In-situ zircon Hf isotope analyses

In-situ zircon Lu-Hf isotope analysis of one sample (10XC05) was
carried out using a Neptune multi-collector ICP-MS attached with a
New Wave UP213 laser-ablation system (LA-MC-ICP-MS) at MLR Key
Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral
Resources, Chinese Academy of Geological Sciences, Beijing. Instrumen-
tal conditions and data acquisitions were described by Hou et al. (2007)
and Wu et al. (2006). Laser spot size of 40 pm was adopted for analysis
and the spots for Lu-Hf analysis were the same for U-Pb dating. Zircon
GJ1 was used as the reference standard to monitor data quality during
analysis, giving a weighted mean '7SHf/!”7Hf ratio of 0.282007 + 7

Table 1

Major and trace element data for the Taili adakitic pluton.
Samples 10TLO3 10TLO4 10TLO5 10TLO6 10TLO7 13TLO2 13TLO3 13TLO4 13TLO5 13TLO6
Major elements (wt.%)
SiO, 70.15 69.33 69.63 68.87 69.12 69.62 68.78 68.88 68.46 68.59
TiO, 0.33 0.35 0.4 0.38 0.38 033 0.31 0.35 0.32 0.31
Al,05 14.67 1434 14.84 15.05 14.96 14.96 15.37 14.96 15.24 1533
Fe,05T 242 232 247 247 2.53 2.26 225 237 2.12 2.02
MnO 0.04 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03
MgO 1.33 1.34 1.38 13 1.47 1.37 1.2 1.36 1.22 1.2
Ca0O 1.14 2.07 239 1.77 24 2.06 1.32 224 1.92 2.06
Na,0 44 5.06 55 5.26 524 4.57 4.98 5.07 4.4 4.38
K;0 3.78 3.77 246 3.76 3.6 3.51 4.33 345 5.12 4.74
P,0s5 0.15 023 0.29 0.25 0.12 0.19 0.2 0.2 0.19 0.18
LOI 0.93 042 0.6 0.85 0.36 0.65 0.77 0.64 0.55 0.72
Total 99.34 99.25 99.99 99.98 100.23 99.55 99.53 99.56 99.57 99.57
Mg# 56.1 574 56.6 55.0 57.5 58.6 554 57.2 57.3 58.1
K;0/Na,0 0.86 0.74 045 0.71 0.69 0.77 0.87 0.68 1.16 1.08
A/CNK 1.1 0.89 0.92 0.94 0.89 0.99 1.01 0.93 0.94 0.95
Trace elements (ppm)
Rb 118.2 74.8 773 101.2 99.2 106.5 101.3 79.3 129.9 90.4
Ba 1689 1249 1052 1259 1170 1478 2228 1238 2344 2276
Sr 698 909 818 914 949 898 992 887 1069 1063
Cs 1.59 1.00 1.59 2.01 1.60 224 1.98 1.79 1.69 1.24
Th 724 6.63 6.98 6.89 6.78 9.24 9.21 8.8 8.09 8.49
U 1.85 2.15 23 2.03 2.18 2.88 242 2.84 2.72 2.7
Nb 15.02 13.42 15.57 15.14 13.95 15.77 13.61 16.23 15.65 18.22
Ta 0.89 0.73 1.04 0.85 0.75 0.96 091 1.14 1.03 1.09
Pb 16.48 18.82 19.22 18.8 16.75 24.78 28.68 25.76 26.24 26.78
Zr 144.4 1349 148.1 1553 158.2 148.2 153 141.8 144.7 148.6
Hf 2.75 2.61 2.83 297 3 3.52 3.65 345 344 3.53
Ti 2104 2072 2420 2312 2176 2134 2074 2256 2078 1989
Sc 3.62 347 3.73 3.58 35 4.31 3.96 4.27 4.12 3.83
Y 5.87 52 5.82 5.75 539 6.26 5.55 5.95 5.74 6.64
Cr 31.26 3294 34.86 38.36 31.96 435 39.8 41.92 36.94 36.36
Ni 19.9 204 20.82 24.04 20.16 25.14 23.58 24.06 2148 19.98
La 32.82 26.66 28.6 28.18 29.5 28.56 36.22 31.32 327 31.98
Ce 56.46 49.16 549 44.06 51.36 62.42 64.24 62.22 61.68 60.74
Pr 5.76 5.02 5.52 534 543 6.01 6.9 6.47 6.63 6.47
Nd 20 17.83 19.5 19.01 19.2 20.32 22.74 22.04 2242 21.98
Sm 2.8 2.63 2.96 2.84 2.81 3.14 3.26 3.33 34 3.38
Eu 0.92 0.84 0.87 0.88 0.85 1.01 1.09 0.99 1.16 1.13
Gd 2.01 1.84 2.02 1.94 1.98 224 221 23 233 238
Tb 0.21 0.19 0.22 0.21 0.21 0.24 0.23 0.24 0.24 0.26
Dy 0.99 0.9 1.02 0.99 0.95 1.21 1.11 1.17 1.17 1.28
Ho 0.17 0.15 0.17 0.17 0.16 0.21 0.2 0.21 0.2 0.23
Er 0.44 0.39 0.45 0.44 0.42 0.57 0.5 0.54 0.53 0.58
Tm 0.06 0.05 0.06 0.06 0.06 0.08 0.07 0.07 0.07 0.08
Yb 0.36 033 037 0.38 0.36 0.49 0.44 0.45 0.45 0.51
Lu 0.05 0.05 0.06 0.05 0.05 0.07 0.06 0.07 0.06 0.07
TREE 123.1 106 116.7 104.5 1133 126.6 1393 1314 133 1311
Eu*/Eu 1.13 1.1 1.03 1.08 1.05 1.1 1.17 1.03 1.19 1.16
(La/Yb)n 66 58 55 54 60 41 59 50 53 45
Sr/Y 119 175 141 159 176 143 179 149 186 160

N indicates chondrite-normalized.



C. Wang et al. / Lithos 212-215 (2015) 353-367

d L} T T T r
Foid a
14 p Syenite i
Foid X
12 , Syenite i
Q ]f\;[)?:r:i(ie I(\)/Iuanz )
B onzonite
e 10 Alkaline
S0P\ Moo N\ 7 o -
5 Subalkaline
X 8 J
T i Granite
+ cdiorite
C 6 |
<
Z
4 -
Gabbroic
Diorite
2 F . i
Diorite Granodiorite
0 " 2 N " N \ N .
50 55 60 65 70 75 -

Si0, (Wt.%)

357

7 L] L) ) L] T T . I '
6P |
5 e
A0S gef
: \4%\9""“‘"A i
=
s, 4 |
-
&,
Q ; -
M Ca\c-a\ka\'me series
| -
1k |
Low-K (tholeiite) series,
0 . l ' 1 L 2 " 2 N
55 60 " - . |

Si0, (wt.%)

Fig. 3. (a) (Na,0 + K,0)-SiO, diagram; (b) K,0-SiO, diagram. Major oxide compositions of the Taili adakitic plutons are plotted on an anhydrous basis. Chemical compositions of typical
adakites (gray crosses) are also plotted for comparison. Data sources: typical adakites including LSA and HSA, Defant et al. (1991), Samaniego et al. (2005) and references therein.

(20, n = 36), which is in accordance with a weighted mean 7®Hf/!”’Hf
ratio of 0.282000 + 5 (20) measured by the solution analysis method
(Morel et al., 2008).

3.4 . Bulk rock Sr-Nd isotope analyses

Separation and purification of Rb, Sr, Sm and Nd were done using
conventional ion exchange procedures in the ultraclean lab of MOE
key laboratory at Peking University. Sr and Nd isotopic ratios were
measured using a Thermo-Finnigan Triton thermal ionization mass
spectrometer (TIMS) at Tianjin Institute of Geology and Mineral
Resources. The 87Rb/5®Sr and '#’Sm/'#4Nd ratios were calculated using
ICP-MS analyses of Rb, Sr, Sm and Nd. Mass fractionation was corrected
by normalizing the measured 87Sr/%6Sr and **Nd/!**Nd against
865r/88Sr ratio of 0.1194 and '“5Nd/'44Nd ratio of 0.7219, respectively.
Rock standard BCR-2 was used to evaluate the separation and purifica-
tion process of Rb, Sr, Sm and Nd, which yielded weighted mean
875r/86Sr ratio of 0.704992 + 7 (20, n = 94) and '*>Nd/'**Nd ratio of
0.512634 £ 1 (20, n = 97). In order to monitor the data quality during
the period of data acquisition, NBS-987 Sr standard and LRIG Nd
standard were analyzed and gave a weighted mean 87Sr/36Sr ratio of
0.710240 + 2 (20, n = 96) and '**Nd/***Nd ratio of 0.512198 + 3
(20, n = 46).
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4 . Results
4.1. Bulk rock major and trace elements

Ten fresh or least altered samples were chosen for bulk rock major
and trace element analysis, and the data are reported in Table 1. All
the samples are compositionally uniform with narrow ranges of SiOs,
TiO,, Al,03, MgO and Mg# as well as Na,O and K,0/Na,O ratios
(Table 1). They plot in the quartz monzonite and granite fields on the
TAS diagram (Fig. 3a), and mostly fall into the high-K calc-alkaline series
field in the K,0-SiO, diagram (Fig. 3b). These samples are predomi-
nantly metaluminous with A/CNK (molar Al,03/(Ca0 + Na,O + K,0)
ratio within a narrow range of 0.89-1.01 except for sample 10TLO3
(1.10; see Table 1).

All the samples have distinctly high Sr, low Y and HREEs (Fig. 4;
Table 1). They show similar REE patterns with highly fractionated
(La/Yb)y ratios (41-66) and a weakly positive Eu anomaly (Eu*/Eu =
1.03-1.19) (Fig. 4a; Table 1). In the primitive mantle-normalized trace
element diagram (Fig. 4b), all the samples are relatively enriched in
large ion lithophile elements (LILE, e.g. Rb, Ba and Th) and depleted in
high field strength elements (HFSE, i.e., Nb, Ta and Ti). Also shown is
the enrichment of Sr relative to Y, thus high Sr/Y ratios (119-186).
They have relatively low compatible element contents (e.g., Cr and Ni;
Table 1).
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Fig. 4. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized (PM) trace element diagram for the Taili adakitic plutons. The values of chondrite and PM are from Sun
and McDonough (1989). Also plotted for comparison are those of the typical adakites. The data sources are the same as in Fig. 3.
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4.2 . In-situ zircon U-Pb geochronology

Three representative samples were chosen for zircon U-Pb analysis
and the data are given in Appendix Table 1 and plotted in Fig. 5.
Zircon grains from these samples are euhedral and prismatic, showing
oscillatory zoning of magmatic origin without any relict core in CL

a) 10XC05

220 +£3 Ma

¢)10TLO07
6.1

225+ 4 Ma

100 pm

images (Fig. 5). The U content in zircons varies significantly from
341 to 1333 ppm, and Th from 103 to 985 ppm, with Th/U ratios of
0.23-0.89.

Twenty-five analyses for zircons from sample 10XCO05 form a weight-
ed mean 2%Pb/238U age of 229.4 + 1.2 Ma (MSWD = 0.56), twenty-five
analyses for sample 10TLO6 give a weighted mean 2°°Pb/238U age of
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Fig. 5. Cathodoluminescence (CL) images of representative zircons and U-Pb concordia diagrams for the Taili adakitic plutons. The solid and dashed circles on the CLimages are the spots of
in-situ zircon U-Pb dating and Hf isotope analyses, respectively. The mean is weighted 2°°Pb/?%%U age with 95% confidence.
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Fig. 6. &4¢(t)-t diagram for the Taili adakitic plutons. Also plotted for comparison are those
of the Late Triassic Zhangjiakou Honghualiang granites (Jiang et al., 2007) and
Shuiquangou adakitic lavas (Ma et al., 2012) on the northern margin of the NCC.

218.1 + 1.5 Ma (MSWD = 1.40), and twenty-five analyses for sample
10TL07,220.9 4 1.7 Ma (MSWD = 1.40) (Fig. 5). Thus, the Taili granitoid
plutons were emplaced in the Late Triassic (230-220 Ma).

4.3 . In-situ zircon Hf isotopic compositions

In-situ zircon Hf isotopic data for sample 10XC05 are given in
Appendix Table 2 and plotted in Fig. 6. The crystallization age
(229 Ma) was used to calculate the ey(t) values and the two-stage de-
pleted mantle Hf model ages (Tpy» ages). The data show very similar
present-day '7®Hf/!77Hf ratios of 0.282142-0.282220 with a narrow
range eye(t) of —17.4 to — 14.6, giving the two-stage depleted mantle
Hf model ages (Tpm2 ages) of 2366-2192 Ma.

4.4 . Bulk rock Sr-Nd isotopic compositions

Sr-Nd isotopic data of five representative samples are given in
Table 2 and plotted in Fig. 7. The initial 87Sr/36Sr ratios (Is(t) values)
and enq(t) values were calculated using the zircon U-Pb age of
220 Ma. The samples display a narrow range of initial Is.(t) =
0.704640-0.705612. The enq(t) values are highly negative (—13.3 to
—12.9), giving two-stage depleted mantle Nd model ages (Tpn ages)
of 2078-2037 Ma, which is similar to zircon Hf Tpy, ages.

5 . Discussion

5.1. The Taili adakitic plutons: melting of the Paleoproterozoic mafic lower
continental crust

The Taili granitic plutons show uniform composition and share
very similar geochemical features with modern adakites and Archean

Table 2

Bulk rock Sr-Nd isotopic compositions of the Taili adakitic pluton.
Sample t(Ma) 87Rb/%5sr 875r/%6sr 20 Ise(t) 1475m/144Nd 1B3Nd/Nd 20 ena(0) ena(t) Tpwmi1(Ma) Tpmz(Ma)
13TLO2 220 0.335 0.7056879 3 0.704640 0.098 0.5118331 2 —15.7 —129 1733 2047
13TLO3 220 0.289 0.7065149 3 0.705612 0.091 0.5118161 3 —16.0 —13.1 1654 2059
13TLO4 220 0.253 0.7054645 4 0.704674 0.096 0.5118362 5 —15.6 —12.8 1696 2037
13TLO5 220 0.343 0.706396 2 0.705323 0.096 0.5118265 4 —15.8 —13.0 1712 2053
13TLO6 220 0.240 0.7055803 4 0.704829 0.098 0.5118126 2 —16.1 —133 1751 2078

Parameters used in the calculation are as follows: 8’Rb decay N = 1.42 x 10" year™'; '¥7Sm decay N = 6.54 x 10~ "2 year™'; ('4’Sm/'**Nd)cyur = 0.1967, ("**Nd/"**Nd)cyur =
0.512638; ("7Sm/"Nd)py = 0.2137, ("**Nd/'**Nd)py = 0.51315 (Jacobsen and Wasserburg, 1980).
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Fig. 7. (a) eng(t)-Is(t) diagram and (b) ena(t)-"4’Sm/'**Nd diagram for the Taili adakitic plutons. Also plotted for comparison are those of Xinglonggou lavas, Mesozoic felsic rocks derived
from ancient lower crust, granulite xenoliths and terrain granulite and amphibolite in the northern part of the NCC. Data sources: Xinglonggou lavas, Gao et al. (2004); Mesozoic ancient
lower crust-derived rocks, Jiang et al. (2007), Ma et al. (2012), Yang et al. (2007) and references therein; granulite xenoliths, Liu et al. (2004), Shao et al. (2000) and references therein;
Archean terrain granulites and amphibolites, Jiang et al. (2007), Wu et al. (2005c¢) and references therein.
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TTGs, e.g., high Sr (698.4-1069.4 ppm), La (26.66-36.22 ppm), low Y
(5.20-6.64 ppm), Yb (0.33-0.51 ppm) and thus high Sr/Y (119-186)
and (La/Yb)y (41-66) ratios (Fig. 8a,b; Defant and Drummond, 1990;
Martin et al, 2005). Their high K;O and K,0/Na,O ratios
(mostly > 0.5) are similar to those K-rich “adakites” or “adakitic
rocks”, such as the Cordillera Blanca granodiorites (Atherton and
Petford, 1993), the Cenozoic granitic rocks in Tibet (Chung et al.,
2003) and the Jurassic-Cretaceous igneous rocks in eastern China
(Rapp et al., 2002; Xiao and Clemens, 2007).

The high SiO, and low MgO features of the Taili adakitic plutons
agree well with the geochemical features of the high-silica adakites
proposed by Martin et al. (2005) (Fig. 8c). They are also characterized
by relatively low abundances of compatible elements, such as
Cr (31-44 ppm) and Ni (20-25 ppm) (Fig. 9d). Their enriched Sr-Nd
isotopic compositions differ significantly from those of the mantle lith-
osphere beneath the NCC as shown by mantle peridotite xenoliths in
Cenozoic volcanic rocks with highly depleted Sr-Nd isotopic composi-
tions (€ng = 5.5-12.5; Rudnick et al., 2004). These geochemical charac-
teristics suggest that the parental melts for the Taili adakitic plutons are
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neither derived from nor interacted with mantle peridotite. The
enriched Sr-Nd-Hf isotopic compositions (Figs. 6 and 7) rule out the
possibility of young slab melting or melting of newly underplated and
thickened mafic lower crust, but point to melting of an ancient lower
continental crust.

It was generally thought that the lower continental crust is made of
granulite-facies metamorphic rocks (Rudnick and Fountain, 1995). The
basement of the NCC consists of Archean terrain granulites and TTGs.
Mafic granulite xenoliths in the Mesozoic volcanic rocks are considered
to represent the ancient NCC lower crust (Shao et al., 2000; Zheng et al.,
2004). These xenoliths reported in the literature are, however, mostly
two-pyroxene granulite without garnet, suggesting that they were not
formed in the P-T regimes of lower crust. The Mesozoic felsic rocks in
the NCC also have highly variable Sr-Nd isotopic compositions
(Fig. 7a), suggesting that they must have derived from ancient lower
crustal of varying compositions or undergone significant crust-mantle
interaction. Comparing to Archean terrain granulites and amphibolites
in the NCG, the Taili adakitic plutons show distinguishable Sr-Nd isoto-
pic compositions (Fig. 7b). The Hf Tpy, ages (2192-2366 Ma) and Nd
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Fig. 8. (a) Chondrite-normalized (La/Yb)n—(Yb)n diagram and (b) Sr/Y-Y diagram (Defant and Drummond, 1990) for the Taili adakitic plutons; (c) MgO-SiO, diagram showing compar-
ison between the Taili adakitic plutons and adakites in various settings, experimental melts and modeled melts. Thickened lower crust-derived rocks (Atherton and Petford, 1993). Exper-
imental meta-basalt and eclogite melts (Qian and Hermann, 2013; Rapp et al., 1991, 2002; Sen and Dunn, 1994; Springer and Seck, 1997 and references therein). (d) Ni-Cr diagram
showing the Taili adakitic pluton in comparison with other Mesozoic adakitic rocks in the NCC and the model melts. Note that the modeled Cr and Ni are slightly deviated from the an-
alytical data of the Taili adakitic plutons (Honghualiang adakitic pluton by Jiang et al., 2007; Shuiquangou lavas by Ma et al., 2012; Xinglonggou adakitic lavas by Gao et al., 2004).
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Fig. 9. Equilibrium assemblage diagrams calculated for the water-saturated average composition of the Paleoproterozoic Hengling mafic dykes (Peng et al., 2012). Normalized molar bulk
input compositions are Si0,(47.38)TiO,(0.59)Al,05(8.54)Fe0(10.18)Mg0(10.91)Ca0(9.38)Na,0(2.25).

Tpmz ages (2078-2037 Ma) seem to point that the Taili adakitic pluton
was sourced from mafic magmatic rocks that may have underplated in
the Paleoproterozoic (2.3-2.0 Ga), rather than an Archean lower crust.

Considering that mantle plume-related magmatic activities in the
Paleoproterozoic (2.3-2.0 Ga) are widespread in Archean cratons
worldwide; large volumes of mafic magmas emplaced as dyke swarms
present in Antarctica, Australia, Finland, Greenland, North America
and South India, which are interpreted to link with intracontinental
rifting, mantle plume activities and continental breakups (Ernst and
Bleeker, 2010; French and Heaman, 2010; Nilsson et al., 2010). In the
NCC, contemporaneous volcanic and plutonic rocks with bimodal mag-
matic characteristics imply an intracontinental extension and rifting
event in the Paleoproterozoic (Peng et al., 2012). Therefore, these
mantle plume-related Paleoproterozoic mafic magmas might have
underplated the base of the NCC Archean crust, as source rocks of the
Taili adakitic plutons in the Late Triassic.

5.2. Modeling for the generation of the Taili adakitic plutons

In order to model the petrogenesis of the Taili adakitic plutons with
parental magmas derived from partial melting of the underplated Prote-
rozoic lower crust and to place constraints on P-T conditions for the for-
mation of the Taili adakitic plutons, we conducted calculations of
equilibrium mineral assemblages in a partially molten mafic rock

followed by modeling of trace element partition between melts and re-
sidual phases at different pressures and melt fractions using the method
of Nagel et al. (2012). Based on the two-stage depleted mantle Hf and
Nd isotope model ages of the Taili adakitic plutons, the average compo-
sition of the Paleoproterozoic Hengling mafic dykes in the NCC (2147 +
5 Ma; Table 3; Peng et al., 2012) was selected as an approximate source
for representing the underplated Paleoproterozoic lower crust. The
Paleoproterozoic Hengling mafic dykes are all tholeiitic in composition
and their average composition is similar to that of the lower continental
crust in terms of trace elements (Table 3; Fig. 11; Rudnick and Gao,
2003). Equilibrium assemblage diagrams under water-saturated condi-
tion (Fig. 9) and mineral assemblages during isobaric water-absent par-
tial melting at different pressures (Fig. 10) were calculated using the
software package Theriak/Domino (vers. 03.01.12; De Capitani and
Petrakakis, 2010) and the database of Holland and Powell (1998) with
normalized molar bulk input composition: SiO,(47.38)Ti0,(0.59)
Al,03(8.54)Fe0(10.18)Mg0(10.91)Ca0(9.38)Na,0(2.25). Fig. 9 can
roughly constrain phase relations during partial melting of the mafic
source rock, while Fig. 10 gives more reasonable information about
the actual fractions of coexisting phases for the subsequent calculation
of trace element partitioning. It has been shown that the software
package and the database are suitable for predicting the formation
of TTG/adakitic melts from mafic rocks (Nagel et al., 2012). Trace ele-
ment partitioning between melts and residual phases for calculated
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Table 3

Trace element composition of the source rock (the average composition of the
Paleoproterozoic Hengling mafic dykes) and partition coefficients used in trace element
modeling.

Partition coefficients

(ppm) Rt IIm Pl Am Cpx Opx Grt
Th  0.750 0.2 0.09 0.095 0.055 0.104 0.13 0.0075
Nb  3.372 96 3 0239 039 0.007 0.01 0.04
Ta 0332 210 2.7 0.053 038 0.028 0.126 0.08
La 9.098 0.006 0.015 0358 0319 0.028 0.0003 0.028
Ce 2040 0.007 0.012 0339 0.56 0.059  0.0007 0.08
Pr 2.761 0.007 0011 0316 0.898 0.116 0.0014 0.15

Sr 296.6 0.036 0.002 6.65 0.389 0.032 0.047 0.019

Nd 11.94 0.008 0.01 0289 132 0.115 0.0028 0.222
Zr 66.94 4.1 23 0.078 042 0.125 0.031 0.537
Hf  1.923 6 24 0.069 0.66 0.208  0.246 0.431
Sm  2.879 0.095 0.009 0.237 2.09 0.259  0.0085 143
Eu  0.95 0 0.01 2.17 1.79 0341 0.68 1.54
Ti 4827 45 12.5 0.08 4.03 0.47 0.5 2.63
Gd  3.025 0.0106 0.011 0.192 253 0422 0.02 4.84
Tb 0522 0.0111 0.018 0.17 26 0.502 0.03 7.80
Dy  3.322 0.0116 0.02 0.15 2.55 0.57 0.043 11.5

Y 18.02 0.0118 0.037 0.138 247 0.603  0.054 141
Ho  0.702 0.0119 0.035 0.132 241 0.616 0.06 153
Er 1.965 0.0122 0.067 0.117 222 0.640 0.079 18.8
Tm 0.296 0.0124 0.102 0.104 2 0.644 0.101 215
Yb 1918 0.0126 0.13 0.094 1.79 0.635 0.125 232
Lu  0.297 0.0127 0.19 0.085 1.59 0.617 0.149 24.1
Cr 125.6 0 29 0.15 4.7 0582 7.97 22

Ni 1319 0 6.8 1.73 6.12 5.96 7.35 1.2

Data sources: average composition of the Hengling mafic dykes, Peng et al. (2012); parti-
tion coefficients, Klein et al. (1997), Klemme et al. (2005), Bédard (2006). Rt, rutile; Ilm,
ilmenite; Pl, plagioclase; Am, amphibole; Cpx, clinopyroxent; Opx, orthopyroxene; Grt,
garnet.

equilibrium assemblages during isobaric water-absent partial melting
was modeled using experimentally determined partition coefficients
(Table 3; Klein et al.,, 1997; Klemme et al., 2005; Bédard, 2006).

Fig. 9 shows the equilibrium assemblage calculated for the average
composition of the Hengling mafic dykes under water-saturated condi-
tion in the SiTiAlIFeMgCaNaHO space. To make the procedures concise
and explicit, potassium was not included in the calculation. At lower
pressures and temperatures, it forms amphibolite with mineral assem-
blages of Am + Pl + I[lm or Am + Pl + IIm + Qtz. Toward higher pres-
sures, garnet appears at >8 kbar, plagioclase disappears at >9.5 kbar,
and rutile begin to replace ilmenite at >10 kbar. Clinopyroxene and
orthopyroxene begin to form with increasing pressures and/or temper-
atures. Melting begins when P-T approach the solidus. Because the
model assumed water-saturated situations, it strongly overestimates
the melt content than in natural systems and the fractions of melts
and residual phases should not be employed for modeling the trace el-
ement partition between melts and residual phases. Thus, we also calcu-
lated equilibrium assemblages and isobaric partial melting under
anhydrous conditions at different pressures (10, 12, 14 and 16 kbar).

Fig. 10 shows the variation of mineral assemblages during isobaric
anhydrous partial melting of the average composition of the Hengling
mafic dykes at different pressures. In all runs, at least 10 wt.% garnet is
present at different pressures, and ilmenite is present at lower pressures
and rutile at high pressures. Plagioclase is stable in all runs and the
amount of plagioclase decreases with increasing pressures. Melt gener-
ation is associated with the decomposition of amphibole, which releases
water into the system and starts at around 750 °C, leaving a residue of
garnet granulite. The amount of melt increases with temperature and
decreases with pressure. The calculated major element compositions
of melts at fractions of 5 and 10 wt.% are similar to the compositions
of the Taili adakitic plutons, except for being rich in Fe and Na and
poor in Ca (Table 4). The Taili adakitic plutons are characterized by
their relatively high K content and reflect a K-rich source (Moyen and
Stevens, 2006; Rapp et al., 2002; Xiao and Clemens, 2007) or low-

degree melting process considering that K is highly incompatible during
partial melting (Qian and Hermann, 2013).

The modeling of trace element partitioning between melts and re-
sidual phases is illustrated in Fig. 11. It shows that melts of 5-10% degree
partial melting at 10-12 kbar (780-820 °C) could give a better fit for the
Taili adakitic plutons than melts at 14 kbar and 16 kbar. At lower pres-
sures, rutile is not present in residual phases and ilmenite controls the
Nb-Ta budget. Toward higher pressures, rutile replaces ilmenite and be-
gins to control the Nb-Ta budget, causing great depletion of Nb and Ta
(Klein et al., 1997; Rapp et al., 2003). The Taili adakitic plutons have
weaker depletion of Nb and Ta than typical adakites elsewhere
(Fig. 4b), implying that the Taili adakitic plutons may be formed at a rel-
atively low pressure. In the 12 kbar run, ilmenite becomes stable at
higher temperatures, serving an upper pressure limit of 12 kbar for il-
menite. Thus the pressure for generating the Taili adakitic plutons
may not exceed 12 kbar before rutile appears as a stable phase at
P > 12 kbars (Figs. 9 and 10). The Sr contents of melts in all runs were
not very successfully modeled and lower than those of the Taili adakitic
plutons, mainly because the amount of plagioclase was overestimated
and the residual plagioclase retained too much Sr. It is evident that Al
and Na contents control the stability of plagioclase during partial melt-
ing of mafic rocks (Nagel et al., 2012) and the modeled melts are richer
in Na than the Taili adakitic plutons (Table 4). Thus the actual source of
the Taili adakitic plutons is predicted to be relatively poorer in Al and Na
than the average composition of the Hengling mafic dykes in order to
account for the high Sr feature of the Taili adakitic plutons. Also it should
be noted that the modeled melts have higher Zr and Hf contents than
the Taili adakitic plutons due to the fact that zircon was not taken into
consideration for clarity and simplicity in the modeling.

Melting experiments of mafic materials suggested that production of
adakitic/TTG melts needs a minimum pressure of 15 kbar (ca. 55 km) to
stabilize garnet in the residue and account for the high La/Yb and Sr/Y
signature (Rapp et al., 1991; Sen and Dunn, 1994; Xiao and Clemens,
2007). However, considering the diverse compositions of adakites/
TTGs, a large range of pressures (10-25 kbar) was put forward for the
generation of adakites/TTGs (Moyen, 2009; Moyen and Stevens,
2006). Springer and Seck (1997) suggested that partial melts similar
to adakites/TTGs in REE can be produced from the lower crust at 10—
12.5 kbar and 850-1000 °C. Through experiment, Qian and Hermann
(2013) showed that adakitic melts can be produced by partial melting
of the lower crust at 10-12.5 kbar and 800-900 °C. Based on thermody-
namic calculations and geochemical modeling, Nagel et al. (2012) pro-
posed a similar pressure range of 10-14 kbar for producing TTG melts
from arc tholeiites. Our estimation of the P-T conditions (10-12 kbar
and 780-820 °C) for the generation of the Taili adakitic plutons is prob-
ably reasonable, which enable us to conclude that the Taili adakitic plu-
tons was generated from the ancient lower crust beneath the NCC at a
depth of ca. 36-43 km.

5.3. Melting of the ancient lower crust by upwelling of the
asthenospheric mantle

Melting of the mafic lower continental crust requires excess heat,
generally supplied by contemporaneous emplacement of mafic magmas
(e.g., Atherton and Petford, 1993; Chung et al., 2003; Wang et al., 2005).
During the Triassic, mantle melts may have started to underplate the
base of the NCC lower crust, as evidenced by the existence of alkaline in-
trusives and mafic-ultramafic complexes in the northern part of the
NCC (Zhang et al., 2009b, 2012b). Nd-Hf isotopic compositions of Mid-
dle-Late Triassic mantle-derived rocks in both the northern and south-
east parts of the NCC suggest significant contributions of a young and
juvenile mantle component (Ma et al., 2012; Yang et al., 2007; Zhang
et al., 2014). The heat provided by the mantle-derived mafic magmas
not only caused the granulite-facies metamorphism recorded by
lower-crustal granulite xenoliths (Shao et al., 2000), but also induced
partial melting the ancient lower crust (Jiang et al., 2007; Ma et al.,
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Fig. 10. Calculated stable assemblages during isobaric water-absent partial melting of sample 07DX04 (Peng et al., 2012) of the Paleoproterozoic mafic dykes at 10, 12 and 14 kbar.
Amounts of minerals are displayed as weight percent. The calculation assumes pure batch melting.
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Table 4
Calculated fractions of coexisting phases and major and trace element compositions of melts at different pressures (10, 12, 14 and 16 kbar) and melt fractions (5% and 10%) during water-
absent partial melting.

P (kbar) 10 10 12 12 14 14 16 16
T(°C) 793 818 780 818 773 822 790 916
Calculated fractions of coexisting phases (wt.%)

Melt 5.00 10.25 5.05 10.30 5.16 10.34 4.88 10.06
Grt 26.35 22.98 36.22 39.70 41.10 46.92 47.96 47.74
Cpx 8.80 17.29 12.51 21.00 17.22 26.91 28.53 28.84
Opx 239 16.60 - 534 - 0.39 - -

Pl 23.73 26.97 14.98 15.69 10.03 9.82 6.88 8.62
[Im 1.54 1.54 - - - - - -

Rt - - 0.83 0.83 0.83 0.83 0.84 0.84
Am 30.46 4.36 26.68 533 20.48 1.45 5.18 -

Qtz 1.73 - 3.72 1.81 517 333 5.73 391
Major element compositions of melts (wt.%)

SiO, 71.64 69.92 71.53 70.89 71.21 70.42 70.68 68.44
Al,05 1437 14.85 15.69 15.51 16.53 16.19 17.04 16.04
FeO 432 5.03 2.62 3.30 1.75 2.72 1.48 4.51
MgO 1.17 1.51 0.78 1.10 0.57 0.98 0.55 143
Ca0 0.91 1.23 0.69 0.87 0.57 0.63 0.52 0.78
Na,O0 7.60 745 8.69 8.34 9.36 9.06 9.73 8.80
Trace element concentrations of melts (ppm)

Th 177.6 170.1 268.2 276.5 383.8 417.5 569.2 468.9
Nb 734 4.52 7.94 5.04 8.08 5.26 8.24 537
Ta 1242 14.80 3.53 3.80 3.65 3.90 3.89 3.92
La 1.40 1.60 0.18 0.19 0.18 0.19 0.19 0.19
Ce 39.11 42.90 46.60 49.47 55.76 57.70 83.93 61.61
Pr 65.05 87.76 74.14 93.95 87.36 108.21 134.94 115.53
Sr 6.44 1048 7.11 1039 8.28 11.79 12.92 12.57
Nd 21.23 41.41 23.14 38.81 27.08 44.67 44.99 48.10
Zr 181.7 219.9 167.4 175.7 166.2 166.3 1734 167.2
Hf 4.55 572 4.29 4.89 441 4.87 497 493
Sm 2.65 4.98 2.53 3.62 2.66 3.53 3.23 3.59
Eu 0.64 0.81 0.69 0.83 0.75 0.90 0.88 0.93
Ti 1.46 230 1.24 1.47 1.20 1.32 1.21 131
Gd 0.18 0.27 0.15 0.17 0.14 0.15 0.13 0.15
Tb 0.89 1.23 0.70 0.75 0.65 0.65 0.59 0.64
Dy 4.12 5.56 3.21 3.35 294 2.89 2.66 2.85
Y 0.15 0.20 0.12 0.12 0.11 0.10 0.10 0.10
Ho 0.36 047 0.27 0.28 0.25 0.24 0.22 0.24
Er 0.05 0.06 0.04 0.04 0.03 0.03 0.03 0.03
Tm 0.30 0.38 0.22 0.22 0.20 0.19 0.18 0.19
Yb 0.04 0.06 0.03 0.03 0.03 0.03 0.03 0.03
Lu 2270 4228 2013 2853 2099 2805 2490 2845
Cr 17.39 20.33 14.12 14.48 13.02 13.08 11.98 12.94
Ni 40.26 42.25 44.45 51.91 46.35 57.25 50.18 57.46
(La/Yb)n 94 82 149 159 199 217 342 236
Sr/Y 43 31 84 83 131 144 214 164

2012). The input of mantle materials could affect the compositions of
the melts generated by partial melting of the ancient lower crust, as re-

(Wu et al., 2005a), deformation (Davis et al., 2001) and mineralization
(Yang et al., 2003; Zhu et al., 2012). As a result, the ancient, cratonic

corded in the Shuiquangou lavas, which have elevated Cr and Ni con-
tents and higher enq(t) (—9.9 to —3.9) and ey(t) (—8.6 to —1.1)
values in some samples (Ma et al., 2012). However, the relatively low
Cr and Ni contents and low eng(t) and epg(t) values of the Taili adakitic
plutons (Figs. 6, 7 and 8d), imply negligible input of mantle materials.
This is further supported by the modeling of trace element partitioning
(Fig. 8d).

5.4. Implications for crustal reworking and onset of the lithosphere thinning
beneath the NCC

The NCC had been a stable shield characterized by tectonic inactivity,
a thick and refractory lithospheric mantle and low heat flow (Foley,
2008) after the final amalgamation in the Paleoproterozoic (Zhao
et al., 2005). Since the Late Paleozoic, the NCC began to lose its stability
and experienced a series of intense tectonothermal events, namely, the
lithosphere thinning (Menzies et al., 1993; Yang and Wu, 2009; Yang
etal., 2008). These events were accompanied by large-scale magmatism

lithospheric mantle beneath the NCC was removed and replaced by
juvenile lithospheric mantle during the Mesozoic (Menzies et al.,
1993; Xu, 2001).

However, it is still not clear if the crust on top of the lithospheric
mantle has also been destructed or thinned, and if so, when and how
this thinning occurred. Most researchers held the view that the NCC
thinning was limited within the mantle lithosphere (Menzies et al.,
1993; Niuy, 2005), but some researchers believed that part of the crust
was also involved in the destruction of the NCC (Gao et al., 2004; Wu
et al., 2005a). The average thickness of the intact cratonic crust on
Earth is ~40 km (Tedla et al., 2011). The present thickness of the crust
of the eastern NCC, however, is only about 30 km (Chen, 2010), which
infers that ~10 km of the ancient cratonic crust could have been eroded
since the Mesozoic era if the prior crust was in excess of 40 km thick. The
Taili adakitic plutons, along with other Mesozoic adakitic rocks in the
NCC (e.g., Jiang et al., 2007; Ma et al., 2012), suggest that the ancient
lower crust may be involved in the process of the NCC lithosphere
thinning through magmatism although such lower crust cannot be
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Fig. 11. Primitive mantle-normalized trace element patterns for the Taili adakitic plutons
and modeled melts. Colored solid lines indicate compositions of modeled melts at differ-
ent pressures. Thick lines are calculated for 5% melt, thin lines for 10% melt. Also shown
for comparison are the compositions of sample 07DX04 (Peng et al., 2012) of the
Paleoproterozoic mafic dykes and lower continental crust (LCC; Rudnick and Gao, 2003).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

a) Archean crust of NCC (2.5 Ga)

365

delaminated into the asthenospheric mantle because both Mesozoic
and Cenozoic basalts contain mantle xenoliths of lithospheric mantle
origin.

Adakitic rocks of lower crust origin and contemporaneous mafic
magmas are usually associated with extensional settings (Atherton
and Petford, 1993; Chung et al., 2003; Jiang et al., 2007). Three possible
environments for crustal extension could be: (1) continental rifts;
(2) back-arc setting; and (3) diapir of mantle plume. There is no evi-
dence for continental rifting and mantle plume activity in the Mesozoic
in the NCC. Considering that the Taili adakitic plutons are located in the
central part of the NCC, ~ 300 km to the CAOB in the northwest and
~350 km to Sulu belt in the southeast, we speculate that the contempo-
raneous, two-sided subduction may be responsible for the extension of
the NCC.

Back-arc extension is a common tectonic phenomenon during slab
subduction on Earth (e.g., Stern, 2002). This extension can be induced
by corner flows in the mantle wedge (e.g., Kelemen et al., 2003), or
slab rollback (e.g., Heuret and Lallemand, 2005), and more effectively
by trench retreat, which can cause the overriding plate under extension
(Niu, 2014). The contemporaneous, two-sided subduction/collision be-
neath the NCC may create extension from both south and north, which

X X X X

XNQCX X X

SCLM

asthenosphere

b) Plume activity and magma underplating in Paleoproterozoic (2.1-2.3 Ga)

X XNCC X X
X X
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asthenosphere

C) Two-sided subduction/collision and extension in Triassic (220-230 Ma)

Taili adakitic rocks

Fig. 12. Cartoons for the forming process of the Taili adakitic plutons (not to scale). (a) In the end of the Archaean, the North China Craton formed with a ~ 2.5 Ga crust and a sub-continental
lithospheric mantle. (b) In the Paleoproterozoic, plume-related mafic magmas underplated the base of the crust, formed a thick mafic lower crust. (c) In the Late Paleozoic and Triassic,
two-sided subduction/collision toward the NCC, induced corner flow and rollback of the plate, and then caused two-way stretching within the center of the NCC and upwelling and melting
of the asthenosphere. The ascending mantle-derived magmas provided heat for melting of the Paleoproterozoic underplated lower crust at depths of 36-43 km, generating the Taili

adakitic plutons.
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may be suggested by Early ~Middle Triassic to the Late Triassic deforma-
tion patterns in the northern part of the NCC (Zhang et al., 2014). Under
such extensional stress field, there could be lithosphere thinning and
passive asthenosphere upwelling within the center of the NCC. The up-
welling asthenosphere then experienced decompression melting,
formed a large number of Late Triassic igneous rocks in both north
and south sides of the NCC. The ascending mantle-derived mafic
magmas underplated the base of the crust, providing heat for melting
the Paleoproterozoic mafic lower crust. Fig. 12 illustrates the forming
process of the Taili adakitic plutons. This scenario cannot be applied to
the whole process of the long-lived lithospheric thinning history of
the NCC, but offers some alternative/additional perspectives for onset
of the lower crust destruction.

6 . Conclusions

(1) The Late Triassic (230-220 Ma) Taili adakitic plutons are
characterized by high Sr/Y and (La/Yb)y ratios, low Cr, Ni and
MgO. Their enriched Sr-Nd-Hf isotopic compositions, as well as
old Nd or Hf isotope ages, point to a possible source of the
Paleoproterozoic mafic lower crust.
Modeling of equilibrium assemblages and trace element
partitioning suggests that the Taili adakitic plutons or their pa-
rental melts represent 5-10% partial melts of Paleoproterozoic
mafic lower crust at 10-12 kbar and 780-820 °C, corresponding
to a depth of 36-43 km. However, we suggest that further effort
is warranted to verify these melting conditions.

(3) The melting of Paleoproterozoic mafic lower crust accomplished
by heating of the possible underplating of mantle-derived melts
produced by decompression melting of the upwelling astheno-
sphere. The upwelling of the asthenosphere was facilitated by
mantle wedge corner flow and trench retreat of contemporane-
ous, two-sided subduction around the NCC. Because trench re-
treat stops upon continental collision, this place constrains that
the related continental collisions may be slightly later than previ-
ously thought.

(4) The destruction or lithospheric thinning of the NCC might have
begun as early as in the Late Triassic from its margins by subduc-
tion and collision of adjacent blocks.

—
N
—

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.11.027.
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